INTRODUCTION
S olid-state phase chemistry attracted a great deal attention in the fields of chemistry, pharmacology, environmental and mining sciences in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Solid-state kinetic reactions have always drawn great attention and are seen as challenging issues in chemical researches [1] [2] [3] [4] [5] [6] 14, 15] . These reactions can mechanistically be classified according to the diffusion [7, 8, 16] , geometrical contraction [8, 16] , nucleation and reaction order models [1] [2] [3] 10, 11, 17] . Empirically, on the other hand, these reactions are verified either isothermally or non-isothermally. The isothermal method is based on the degradation of samples at different temperatures [18] [19] [20] . According to this method, the data for the α-time point is produced at each temperature segment. In the nonisothermal method, degradation is investigated under constant temperature increase. The nonisothermal method is commonly used due to its high sensitivity compared to the isothermal method. A lot of kinetics-related data can be obtained from the thermogravimetric data, like the activation energy and exponential factor. In the course of the kinetic analysis, the kinetic parameters could be determined by some mathematical approaches, like the Kissinger-Akahira Sunose (KAS) [15] , Flynn-Wall-Ozawa (FWO) [12] , Coats-Redfern [6, 12] , Ozawa [11, 19] and Friedman [11] methods. CoatsRedfern kinetic method uses the integral form of the non-isothermal rate law. Flynn-Wall-Ozawa (FWO) method is derived from the integral method. Flynn-Wall-Ozawa (FWO) method is an integral isothermal method similar to the KissingerAkahira Sunose (KAS) method [18] [19] [20] . To obtain thermogravimetric data, thermogravimetric analysis (TGA) is the most widely used and the sensitive method in the literature. TGA is mainly used to investigate the thermal decomposition of polymeric materials depending on the change in the mass of a sample as a function of time or temperature in a controlled atmosphere [3, [12] [13] [14] [15] 17] . These changes can be either mass loss or gain due to decomposition, dehydration, oxidation or loss of volatiles [21] [22] [23] .
The aim of this study is to determine the thermal behaviors of the prepared p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels for the potential of high-temperature applications of the compounds, like in catalytic reactions or solar cell applications. Firstly, p(HPMA-Cl) microgel was synthesized by the SFEP technique and then modified either with TAEA or PEI. The kinetics of the thermal degradation of p(HPMA-Cl) microgels modified using different agents (TAEA or PEI) were then investigated by TGA under an argon atmosphere with heating rates of 2, 6, and 10 °C/min. Finally, their activation energy values were calculated by Kissinger-Akahira Sunose (KAS), Flynn-Wall-Ozawa (FWO), Coats-Redfern, Ozawa and Friedman methods.
MATERIALS and METHODS

Materials
amine (TAEA, 96%), and (e)poly(ethyleneimine) solutions (PEI, average Mn ~1,200, average and Mw ~1300 by LS, 50 wt. % in H 2 O) were purchased from Aldrich. Ethanol (EtOH, 98%) was purchased from Kimetsan, while N,N-dimethylformamide (DMF, 99%) was purchased from Merck. Distilled water (DI, 18.2 MΩ cm; Millipore Direct-Q3UV) was also used throughout this study.
The Synthesis of p(HPMA-Cl) Microgels P(HPMA-Cl) microgels were synthesized by the surfactant-free emulsion polymerization (SFEP) technique [24] . Briefly, 145 mL DI water was poured into a one-necked flask and 10.05 mmol HPMA-Cl and 0.25 mmol EGDMA were added and mixed at 600 rpm for 10 min. The reaction mixture was put in an oil bath at 75ºC. Then 0.44 mmol dissolved in 5 mL water AAPH was added to the reaction mixture for the polymerization with a stirring rate of 600 rpm. After 2h, the reaction mixture containing white colored suspension was centrifuged with acetone and water to remove impurities like the monomer, cross-linker, and the initiator (15800 rpm, 2 min, 25ºC), and was then dried.
The Modification of p(HPMA-Cl) Microgels
The dried p(HPMA-Cl) microgel was modified using with TAEA and PEI agents [25] . A certain amount (0.5 g) of dried-p(HPMA-Cl) microgel was dispersed in 10 mL DMF, and either 6.67 mmol TAEA or 2 mL PEI was added to this mixture [26] . Then the mixtures were then placed in an oil bath at 80ºC and stirred at 400 rpm. After 24 h, the reaction mixtures were taken into room temperature and the modified p(HPMA)-TAEA and p(HPMA)-PEI microgels were collected by centrifugation (24680 rpm, 10 min, 25ºC). The prepared microgels were washed with DMF and ethanol and dried in an oven at 50ºC [25, 27] . Characterization of the microgels.
Fourier Transform Infrared Spectra (FT-IR) analysis of the microgels was conducted using a Thermo Scientific Nicolet iS10 (USA) instrument with an ATR apparatus with 4 cm -1 resolution between 4000-650 cm -1 .
The charges of the synthesized microgels were determined using Zeta potential. The samples were diluted with 0.01 M KNO 3 solution in water. The charges and size of the microgels were measured with a Zeta-Plus Zeta (DLS/ZETA) (Brookhaven Ins. Crop, USA) potential analyzer.
The thermogravimetric behavior of the prepared microgels was determined using a Thermo Gravimetric Analyzer (TGA/DTA) (SII TG/ DTA 6300 model, Japan). Approximately 4-6 mg of dried samples were placed in ceramic crucibles and heated up to 1000°C from 50°C under Argon atmosphere with 100 mL min -1 flow rate at 2, 6 and 10°C min -1 heating rate. ), and T is the temperature (K).
Thermal Kinetic Analysis
Kinetic parameters can be obtained from experiments using different methods as described below. For all these kinetic methods, conversion rate (reaction rate) is a linearly dependent conversion function (α) of the temperature-dependent rate constant (k), whereas it is independent of temperature [2, 22, 28] These method has been applied in the determination of activation energies more extensively than any other multiple-heating rate method [15, 29] . A plot of ln β (T   2   ) -1 versus 1 T -1 at each yields E a from the slope for each α of the model.
Flynn-Wall-Ozawa [21] (FWO) method developed independently by Ozawa and Flynn Wall is used to calculate the non-isothermal data. This method can be used to determine the activation energy without the need to know the reaction order or the decomposition mechanism [18, [30] [31] [32] [33] [34] . The plot of log β against 1 T -1 under given value E a is: A plot of log β or ln β versus 1 T -1 at each α yields E a from the slope for each α of the model. 
RESULTS and DISCUSSION
Characterization of the Microgels P(HPMA-Cl) microgel synthesis and their modification with TAEA and PEI are shown in Figure 1 (a). SFEP method was used in p(HPMACl) microgel synthesis, and EGDMA and AIBA were used as the cross-linker and the initiator, respectively. Following this step, p(HPMA)-TAEA and p(HPMA)-PEI microgels were prepared from p(HPMA-Cl) microgels at 80°C. The SEM image of the prepared p(HPMA-Cl) is shown in Figure   log² log AEa g x Ea RT 2 315 0 457 . .
Equation 7
Equation 8 ln 1(b). In figure 1(b), it can be seen that the surface of microgels is not smooth. This formation may have originated from the molecule structure of modified agents.
The FT-IR spectra of p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI are presented in Figure 2 . The characteristic -OH absorption band of p(HPMACl) microgels can be observed between 3600-3000 cm -1 . It is evident that the absorption bands at 2955, 1717, 1149 and 704 cm -1 are for O-H, aliphatic C-H, C=O, C-O and C-Cl, respectively. In the spectrum of p(HPMA)-TAEA microgels, the band between 3600-3100 cm -1 for N-H stretching vibration, the bands at 2924 and 2851 cm -1 for C-H stretching vibration and the band at 1656 cm -1 for the modification peak (quarternize N-H peak) can be observed. Similarly, the band between 3600-3100 cm -1 for N-H stretching vibration, the bands at 2937 and 2834 cm -1 for C-H stretching vibration and the band at 1652 cm -1 for the modification peak (quarternize N-H peak) can be observed in the spectrum of p(HPMA)-PEI microgels.
After the modification of p(HPMA-Cl) microgels with TAEA and PEI, the specific C-Cl absorption band at 704 cm -1 was found to have disappeared in the spectra for p(HPMA)-TAEA and p(HPMA)-PEI. Additionally, the modification peak (quarternize N-H peak) in spectra of p(HPMA)-TAEA and p(HPMA)-PEI [36] can be seen clearly. The modification peak and disappearance of the specific C-Cl absorption band are clear indicators that the modification reaction of p(HPMA-Cl) microgels with TAEA and PEI have occurred. Table 1 Table 1 . The ζ-potential results for p(HPMA)-TAEA and p(HPMA)-PEI microgels were positive due to their surfaces having been formed of quarternized amines.
Thermal Kinetic Analysis
The kinetics parameters related to the degradation reactions of the p(HPMA-Cl)-based microgels were determined by TGA-DTA experimental results. The temperature was linearly increased with the heating rates of 2, 6, and 10 °C min . As can be seen in the figures, the difference in the degradation process between microgels was particularly observable in the shape of the derivative thermosgravimetric (DTG) curves. The side peak at lower temperatures associated with water evaporation is also distinguishable. It appears that some water wasn't removed at the first stage of degradation, and its elimination reactions began at very low temperatures. Microgels begin to decompose and the decomposition temperature seems to be increasing as the heating rate is around 250°C.
The experimental TGA analysis of p(HPMACl), p(HPMA)-TAEA and p(HPMA)-PEI microgels reveal different stability levels. The evolution of the rate of mass loss (dα dt Table 2 . It is the natural expectation that the increase of p(HPMA-Cl) content and the presence of crosslinks should increase the stability of the microgel. Nevertheless, it was reported for p(HPMA-Cl) microgels that the hydroxyl and amine groups contribute to the stiffness of the polymer via hydrogen bonding. When the number of amine groups was diminished by crosslinking, the hydrogen bonding was attenuated and the stiffness was found to have diminished. This is due to the fact that the crosslinked structures induce less stiffness compared to the hydrogen bonding [11] . Consequently, the stability of crosslinked p(HPMACl), p(HPMA)-TAEA and p(HPMA)-PEI microgels were a compromise between two effects: crosslink density and hydrogen bond interactions of amine and hydroxyl groups. As can be seen in Figures  4-6 , these degradation reactions in the p(HPMA-Cl) microgel had occurred at very low temperatures compared to the p(HPMA)-TAEA and p(HPMA)-PEI microgels. The advance of the DTG peaks may be caused by the increasing amine content. This fact was also observed in Figures 3-5 , where the degradation rate was given as a function of degradation conversion.
The p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels were subjected to different heating rates (2, 6, 10°C min -1 ). The alteration of the rate of mass loss (dα dt -1 ) of the p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels with temperature was shown in Figure 4 -6. These degradation reactions in the p(HPMA-Cl) microgel occurred at very low temperatures with respect to the modified p(HPMA)-TAEA and p(HPMA)-PEI microgels (Figure 3c-5c ). As conversion increases, a similar trend described for modified p(HPMA)-TAEA and p(HPMA)-PEI microgels can be observed.
In order to determine the reaction mechanism involved during the process of the thermal degradation of microgels, 24 types of reaction mechanisms were tested. Model derivation was based on the suggested reaction mechanisms (nucleation, diffusion, geometric shape, and reaction order). In order to understand the kinetic variance and reaction mechanism functions, the integral to differential equations for microgels was solved and compared with the experimental data.
Nucleation and Nuclei Growth Models (A, B, P, Prout and Tompkins) reactions contain decomposition, hydration, crystallization, crystallographic transition, adsorption, and desolation [3, 4, 14, 15] . Geometrical contraction (R) models postulate that nucleation occurs quickly on the surface of the crystal. The rate of decomposition was controlled by the resulting reaction interface proceeding toward the center of the crystal. Orderbased (F) models were the simplest models as they resemble those used in homogeneous kinetics [1, 31, 32] .
It can be seen from figure 6-8 that reaction mechanisms include reaction order, geometric shape, diffusion, and nucleation. Every stage for the thermal degradation microgels was calculated, down to the decomposition correlation coefficient and mechanisms.
Thermogravimetric degradations of the microgels were also investigated and compared using four different methods. These methods are as follows:
*for each α (0.1-0.9), in the plot of α versus t shapes gives model fit. shapes gives model fit. *for each model, in plot of α (0.1-0.9) versus temperature shapes gives model fit.
*for each α (0.1-0.9), in the plot experimental α versus model α gives correlations. This correlation is related to the model fit.
The p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels were decomposed over four stages (Figure 6 a-c) , three stages (Figure 7a-c) and four (Figure 8 a-c) stages respectively, and at different temperatures. F, R, and A models of the thermal degradation models of the microgels were more suitable compared to the other models. The correlation coefficient of values above mentioned was obtained using experimental/models graphs for comparison. These correlation coefficient values thus indicated which model was most suitable related to them. The similarity of the thermal degradation kinetics of p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels were explained with reaction order and geometric shape model as that mechanism functions.
The conversion value (α) was calculated from the TGA data for each temperature step according to kinetic parameters as with Kissinger-Akahira Sunose (KAS) [5] , Flynn-Wall-Ozawa (FWO) [12] , Coats-Redfern [7, 29] , Ozawa [12, 24] and Friedman [12] methods. The kinetic analysis of the TG-DTG curve was calculated by means of Equation 6-11 [22, 32, 33] . The degradation reaction activation energy correlations of p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels were summarized in Table 3 .
The thermal decomposition of p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels were found to be suitable for D 1 , F 1/3-0 (n:3-0) , R 3-1, B 1, A 3-4 and P 2 models. As can be seen from (10 °C min -1 ) for Coats-Redfern model, respectively. The activation energy value for microgels (2, 6, 10°C min -1 ) were calculated to be model-independent for the Kissinger-Akahira Sunose (KAS), Flynn-WallOzawa (FWO), Coats-Redfern, Ozawa and Friedman (Table 3) methods.
Figure 6d-8d shows the activation energies of p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels from Friedman plot for selected some values of microgels. The values of the activation energy for each alpha were calculated from the slope plots for the different α conversions. For α> 0.1 the activation energy was considerably higher due to chain scission reactions. For the KissingerAkahira Sunose (KAS), Flynn-Wall-Ozawa (FWO), Coats-Redfern, Ozawa and Friedman methods, kinetic models were not accepted due to the calculated activation energies being negative. The activation energy data produced using the Kissinger-Akahira Sunose (KAS), Flynn-Wall-Ozawa (FWO), Coats-Redfern, Flynn-Wall-Ozawa methods showed variations. These variations are plausible owing to the temperature change that was used in nonlinear isothermal kinetic methods. In addition, p(HPMA-Cl), p(HPMA)-TAEA and p(HPMA)-PEI microgels may have resulted from the degradation process by multistep kinetic mechanisms, which is evident in the nonlinear relationship between the activation energy and the conversion rate. The thermal degradation analysis shows that the activation energy varies with the conversion degree as a consequence of multiphase reactions, and the physical changes that the reactions produced in the modified microgels.
CONCLUSION
In this study, isoconversion kinetic analysis methodology was applied to investigate the thermal degradation of p (HPMA-Cl) microgels modified with TAEA and PEI modifier agents. No significantly different behaviors were observed any of the samples, including the basic thermal degradation mechanism, the elimination of side groups (hydroxyl groups, amine) from the main chain, and the formation of water and conjugated and non-conjugated polymer structures. It was observed, however, that as the amine content of microgel samples increased, the degree of degradation also increased.
*The model derivations were estimated using reaction mechanisms. For the p (HPMA-Cl), p (HPMA)-TAEA and p(HPMA)-PEI microgels, the most suitable reaction mechanisms for the thermal degradation seem to be the nucleation and nuclei growth models.
*The values of activation energy have been estimated using the Kissinger-Akahira Sunose (KAS), Flynn-Wall-Ozawa (FWO), Coats-Redfern, Ozawa and Friedman methods. The values of activation energy obtained using the kinetic methods showed variations. The results were also in correlation with the kinetic model. *For p(HPMA-Cl), which had four stages of degradation process, total mass loss achieved was 91.27%. The thermal degradations models were D 1 , F 1/3 (n:3) , R 3 (sphere/cube) , B 1 , A 3 (Random nucleation and growth of nuclei, n: 3) and P 2.
*For p(HPMA)-TAEA, which had three stages of degradation process, total mass loss achieved was 93.04%, and the thermal degradation models were D 1 , F 0 (n:0) , R 1 (cyclinder) and A 4 (Random nucleation and growth of nuclei, n: 4) and P 2 . *For p(HPMA)-PEI, which had four stages of degradation process, the total thermal decomposition was about 75.87%. The means of thermal degradation model were D 1 , F 0 (n:0) , R 2 (cyclinder), A 4 (Random nucleation and growth of nuclei, n:4) and P 2.
*The stability of microgels were found to have been effected by two factors. These factors are the interactions among amine groups, and the hydrogen-bonds with hydroxyl groups.
*The thermal degradation analysis showed that the activation energy varies with the conversion degree as a consequence of multiphase reactions and the physical changes that the reactions produced in the modified microgels. The activation energy associated with reaction was lower and substantially different than the activation energy obtained at a low degree of conversion associated with main chain breakage.
